ABSTRACT: European lobsters are large, mobile crustaceans of ecological and commercial significance. Until recently, the lack of a reliable technique for long-term, in situ monitoring of activity has hindered study of seasonal variation in activity and its deterrninants. Electromagnetic telemetry has been used to measure seasonal changes in locomotor activity and body rnovements of lobsters on an artificial reef in Poole Bay, southern England. Both measures of activity showed marked seasonal variation, related primarily to water temperature, with greatest activity in late summer and minimum values in winter. Subsidiary effects of water movement and seabed illumination were also indicated. Throughout the spnng and summer, excursions outside shelter were alrnost exclusively nocturnal, with movement peaking in the early part of the night. Body movements followed a similar pattern, but with less abrupt changes, suggesting a degree of activity within shelters during the day. Die1 timing of lobster activity appeared to be mainly governed exogenously by light level. since the length of the nocturnal active penod and the timing of the activity peak varied seasonally with the tirnes of sunset and sunrise, and there was a relative increase in diurnal activity dunng penods of low seabed light levels caused by increased turbidity. During low temperatures in mid to late winter, activity was low throughout the 24 h cycle. These findings suggest that there are likely to be significant seasonal changes in the relationship between fishing effort and fishing mortality that need to be taken into account in lobster stock assessment.
INTRODUCTION
Degree of mobility and timing of activity are fundamental aspects of anirnal behaviour linked to the nature of habitat use and the frequency of encounters with conspecifics, predators and prey. Movement patterns of mobile species are important in determining the distnbution of individuals in space and time and can therefore affect density-dependent population dynamics (Sutherland 1996) and the structure of the associated community (Begon et al. 1990 ). Variation in locomotor activity can also influence the reliability of population census techniques, by altering the proportion of individuals in the sampling area likely to be detected with a given level of sampling effort (Greenwood 1996) . In comrnercial fishenes, information about the size of the fishable stock is required for rational fisheries management and this is often based on catch per unit of fishing effort (Gulland 1983) . Stock assessment based on catch per unit effort needs to take account of behavioural changes in 'catchability', which in turn requires an understanding of the determinants of movement Patterns and other aspects of activity that may influence probability of capture (Arnold et al. 1990 ).
European lobsters, Homarus gammarus (L.), are large, mobile crustaceans of ecological and commer-cial importance, yet there is a lack of information about seasonal changes in their behaviour, due in Part to the difficulties of conducting long term observational studies in situ. Intensive diving studies of American lobSters H. americanus have revealed details about seasonal changes in activity, usually by scan sampling (Martin & Bateson 1993) , which provides discrete records of the behaviour of individuals as they are encountered by divers (review by Cooper & Uzmann 1980 , Ennis 1984b , Karnofsky et al. 1989a ). Extended diving studies of H. gammarus carried out in Western Sweden provided some qualitative information about diel and seasonal patterns in activity, but the primary aims of these studies were to describe habitat choice (Dybern et al. 1967 , Dybern 1973 ) and diet composition (Hallbäck & Waren 1972) , and the majority of obseivations were made during the day in summer and zi?tumr?.
Restrictions on the underwater endurance of divers and the disturbance they cause, particularly at night, limit the practicability of other diver-based behavioural sampling techniques that would provide more detail about individual behaviour in the field, such as focal animal sampling (Martin & Bateson 1993) . This technique has been used successfully by divers in some circumstances (e.g. O'Neill & Cobb 1979 , Herrnkind 1980 , Karnofsky et al. 1989a ), but in temperate waters, it 1s usually not possible to maintain a constant level of diving effort or effectiveness of visual observations throughout the year. owing particularly to adverse conditions in winter (Gamble 1984) .
Acoustic tracking is a form of focal animal sampling, without some of the limitations of visual observations, which has been used to study movement patterns of Homarus amencanus and Homarus gammarus (e.g. Lund & Lockwood 1970 , Arnold et al. 1990 , Collins & Jensen 1992 . studies reviewed by Lawton & Lavalli 1995). However, tracking with a hand-held directional hydrophone is labour intensive and weather-dependent, while automated position fixing with a hydrophone array is hampered by reflection and attenuation of ultrasound by the irregular rocky substratum typical of adult Homarus spp. habitat (Urquhart & Smith 1992 , van der Meeren 1997 . In addition, the power requirements of acoustic transmitters restnct the lifetime of tags that can be carried by small animals (Wolcott 1995) . To date, limited information has been published from acoustic tracking of Homarus spp., compared with similar studies of other crustaceans that inhabit less obstructed seabed or that undertake more extensive movements (e.g. Chapman et al. 1975 , Herrnkind et al. 1975 , Hall et al. 1991 , Stone et al. 1992 , Hines et al. 1995 .
Electromagnetic telemetry (Ramm 1980) is not impeded by irregular seabed topography and the power requirement of transmitters is relatively low, permitting long transmitter life and extended monitoring periods. However, the range of detection is shorter than in acoustic tracking and reception by electromagnetic inductive coupling is not directional, so the position of transmitters is determined by presence within the detection Zone of individual aerials (Wolcott 1995) . This rather low-resolution positional information can be supplemented by encoding other behavioural, physiological or environmental measurements in the tag signals (Collins 1996) . Smith et al. (1998) reported results of electromagnetic telemetry of Homarus gammarus on an artificial reef in Poole Bay, southern England, which revealed diel patterns of activity in late Summer and autumn and provided preliminary data on seasonal changes during the onset of winter. The present paper analyses changes in the level of activity and in the die1 pattern over an annual cycle, in relation to seasonal and environmental variables and iobsier attributes.
MATERiALS AND METIHGZS
Study site. Lobster activity was studied at an artificial reef in Poole Bay on the south coast of England. The reef was constructed in 1989 and consists of 8 piles of blocks (0.4 X 0.2 X 0.2 m) rnade of concrete or cement-stabilised pulverised fuel ash (Collins et al. 1991) . The piles, subsequently referred to as reef units, are approximately 5 m in diameter and 1 m high and are arranged in 2 rows of 4, aligned east-west, occupying an area of sedimentary seabed 15 X 35 m at a mean water depth of 12 m, with mean tidal range of 0.5 m (neaps) to 1.7 m (springs). The artificial reef is located next to the protected Zone of a historic wreck site. On the basis of frequent visits to the site and the vigilance of local boat operators involved with the project, there was no evidence of non-scientific lobster fishing or diving activities on the artificial reef during the study period.
Telemetry system. An electromagnetic telemetry system was used to monitor lobster activity from 9 August 1996 to 28 September 1997. Technical details of the telemetry system were given by Collins (1996) . Bnefly, lobsters were fitted with electronic tags that transmitted a coded electromagnetic signal (32.7 kHz) at 30 s intervals. Each transmission conveyed identity and a measure of body rnovement (pitching and rolling), derived from an integral tilt switch and coded as an integer 'activity level ' (0-8) . Tag signals were detected at 10 min intervals by electromagnetic inductive coupling with 5 m diameter loop aerials laid on the seabed around ea.ch of the reef units a.nd connected to a central receiver and data logger. Movements between reef units by lobsters ivere indicated by detection of their tags with different aerials. The data logger also recorded water temperatui-e, light level, hydrostatic pressure, current speed and significant wave height (details of Sensors in Smith et al. 1998) . The data logger and battery packs were swapped by divers at intervals of up to 4 wk.
Lobster capture and tagging. Parlour pots (Lovewell et al. 1988 ) placed adjacent to each of the 8 reef units were baited with whole n~ackerel, usually at around 08:30 to 09:30 h local time, and left for 1 or 2 d before divers removed lobsters and brought them to the surface in individual net bags at a similar time of day. A few lobsters were also caught by hand. LobSters were measured and a transniitting tag was attached to the dorsal surface of the cephalothorax with quick-setting epoxy resin, after drying the caraPace with propanone. The tag was attached with the integral tilt switch level and with its long axis at a horizontal angle of 45" to the long axis of the lobster's body, so that pitch and roll would be detected equally. Lobsters were also tagged with numbered plastic tags (T-bar internal anchor tag and streamer tag, Hallprint Pty. Ltd, Holden Hill, South Australia) inserted between the cephalothorax and first abdominal segment so that they were retained through ecdysis Divers returned tagged lobsters to the reef unit where they were caught within 1 h of capture. Lobsters were maintained in cool, dark, moist conditions during the tagging procedure, w h c h involved aerial exposure of approximately 10 min.
Forty-one lobsters (21 females, 20 males) of carapace length 72 to 139 mm were tagged, of which 14 had been previously tagged with T-bar and streamer tags at the artificial reef. Up to 11 individuals were monitored simultaneously, 16 were tracked for more than 1 mo (the tilt switch failed in one of these) and 4 (1 male, 3 females) were tracked for over 6 rno. Five individuals were re-tagged after recapture following loss of the electromagnetic tag.
Sorne periods of data loss resulted from darnage to the aenal array, thought to have been caused by recreational craft dragging their anchors. The lead to 1 aerial was severed on 4 November 1996 and another on 15 February 1997. Fortunately, the lobsters present on the site during the period of damage were detected by other aerials. The aerial array was repaired when weather and underwater conditions permitted on 26 March 1997, but the replacement array was faulty and was itself replaced on 9 May 1997. As a result, no reliable movement or activity data were obtained in April 1997. An aenal lead was again severed on 22 June 1997 and replaced on 11 July 1997.
Statistical analysis. The influence of environmental variables on the movement of lobsters between units of the artificial reef was assessed by multiple regression of daily nurnber of rnovements per lobster (square root transformed) on daily means of water tempei-ature, mid-day light level (averaged over 11:OO to 13:OO h GMT), significant wave height (Earle & Bishop 1984) , tidal range and day length. Lobster identity was used as a blocking variable and autocorrelation was corrected with the Cochrane-Orcutt procedure (Neter et al. 1996) . Daily mean activity level (derived from the tilt switch, not transformed) was analysed similarly.
Differences in mean daily number of movernents (square root transformed) and mean activity level between males and females were tested for each month in which there were data from more than 1 male and female lobster by analysis of vanance (ANOVA), with lobster identity nested within Sex (male or female). A similar analysis was performed for movements and activity in relation to 2 size categories: less than and greater than 95 mm carapace length (the number of categories was limited by the available sample size and the division was chosen to give approximately equal numbers of individuals in each category).
The average die1 Pattern of movements between units of the artificial reef was assessed in each month for which there were sufficient movements by calculating for each lobster the percentage of the monthly total number of movements by that individual occurnng in each hour of the day. Variation in percentage of movements (Freeman-Tukey arcsine-transformed) was tested in relation to hour of the day for each month by a randomized block ANOVA, with lobster identity as the bloclung variable. A similar analysis was performed for mean hourly activity level (not transformed).
RESULTS

Environmental conditions
The major seasonal changes in measured environmental variables were in water temperature, light level and wave height. Water temperature peaked in late August and reached a minimum in early February, with an annual range of 16°C (Fig. 1 ) . Wave height was very variable with peak wave heights occurnng for only short periods of time. Wave height was generally greater dunng the winter as a result of higher wind speeds. Light level on the sea bed at mid-day (averaged between 11:OO and 13:OO h GMT) declined to low levels from November to April owing mainly to reduced water transparency, low sun altitude and increased cloud Cover. Increases in wave height were associated with a rapid decline in mid-day illumination at the seabed. Increased sea surface roughness increases the amount of light reflected at the surface, Temperature and tidal range are plotted as daily means, Light level is averaged over the period 11:OO io 13:OO h GMT and wave height 1s plotted as 6-hourly rneasurements but the effect of waves on illumination was largely due to increased turbidity. Tidal range, denved from depth measurements, reflected the semilunar cycle of spring and neap tides and influenced maximum tidal current Speeds expenenced at the seabed.
Tag reliability and lobster emigration
Of the 46 electromagnetic tags fitted to lobsters, 20 were functioning after the lobster was recaptured, the tag was shed, or the study ended, 6 were recovered inoperative from recaptured lobsters or the seabed and 20 were lost as a result of the lobster moving outside the range of the telemetry system, tag failure, or unreported recapture. Unless the lobster or the tag was recovered, it was not possible to determine whether signal loss was due to tag failure or the animal leaving the study site. Three tagged lobsters were caught away from the study site by commercial fishermen. Assuming a similar tag failure rate for the 'lost' tags as those accounted for (23%), a minimum of approximately 15 other tagged individuals may have moved away from the site. The proportion of tags whose signal was lost within 2 wk of release was lower in those attached to lobsters that had been conventionally tagged at the site previously (21.4%, n = 14) than in those attached to lobsters tagged for the first time during the present study (70.4%, n = 27, G1 = 8.88, p = 0.003), suggesting a greater tendency for previously untagged lobsters to leave the site. The proportion of tags whose signal was lost was not significantly related to the Sex (G, = 0.61, p = 0.43) or size (F1,33 = 1.70, p = 0.20) of lobster to which they were attached.
Movements between reef units
There was a seasonal pattern in movements between reef units by lobsters (Fig. 2) . Frequency of movement was greatest in summer and declined during the autumn. Few inter-reef unit movements were recorded from late December until early May, when lobsters began to move between reef units more frequently again. Despite the lack of inter-reef unit movement in winter, body movements detected by the tilt switch and resumption of translocational movement in spring indicated that the lobsters being moniioreci were aiive. The daily number of inter-reef unit movements per lobster was significantly, positively related to water temperature (F1,1732 = 109.5, p < 0.0005) and more weakly, negatively relaied to tidal rangc In most months for which there were sufficient movement data for both Sexes, there was no significant difference between males and females in the mean daily number of inter-reef unit ~novements per lobster (Table 1 ). In May (5 females, 2 males monitored), males exhibited significantly greater movement than females. In most months, there was also no significant difference between size categones in the mean number of inter-reef unit movements per day per lobster, although smaller lobsters exhibited more frequent movement than larger individuals in September and November (Table 2) . Throughout the spnng and Summer, inter-reef unit movernents were predominantly nocturnal, peaking 1 to 3 h after sunset (Fig. 3, Table 3 ). From May to July and in October less than 8 % of movements between reef units occurred dunng the day (sunrise to sunset), but in August, September and November, daytime movements were more frequent (12, 25 and 27%, respectively). In some months, there was a secondary increase in movement after the main post-dusk peak, before a return to low levels around dawn (Fig. 3) . From December to April too few movements were recorded to assess any diel pattern.
May n=5
June n=10 22 0 F - As with inter-reef unit movements, daily mean activity (tilt switch data) varied seasonally (Fig. 4) and, of the measured environmental variables, was related most closely to water temperature = 348.3, p i 0.0005). Activity level was also positively related to wave height = 63.2, p < 0.0005) and negatively related to mid-day illumination = 13.4, p < 0.0005), but was not significantly related to tidal range = 0.005, p = 0.945) or day length = 2.395, p = 0.122). In months for which there were data from nlore than one of each Sex, there was no signifiCant difference in mean activity level between males and females (Table 1) . Mean activity level also did not differ significantly between size categories (Table 2) .
Since measurements of activity with the tilt switch did not rely on lobsters moving between aerials, it was possible to assess the diel pattern of activity in each month of the year, with the exception of April (Fig. 5) . From March until October, there was a marked diel pattern resembling that of inter-reef unit movements, with peak activity usually in the early Part of the night. In contrast to the frequency of inter-reef unit movements, however, activity began to increase several hours before sunset in some months and tended to decline gradually from the nocturnal maximum to a minimum at around midday. In No- vember this die1 Pattern became less evident and from December to February activity was low and not sianificantly related to time of the day (Table 3) . It is noteworthy that minimum activity levels during the day in summer were greater than maximum values at any time of day in mid-winter.
DISCUSSION
Using electromagnetic telemetry, it has been possible to monitor locomotor activity and body movements of individual lobsters for long periods -(over 11 mo in 1 case). Translocational movements $ could only be monitored on a small scale, but for-s .-aging and social interactions are largely accom-5 plished within the scope of short range movements in a vanety of species of lobster (Cooper & Uzmann 1980 , Herrnkind 1980 , Ennis 1984b , Karnofsky et 2 al. 1989b ), including Homarus gammarus (Dybern et al. 1967) . Previous diver observations of individually marked lobsters at the artificial reef in Poole Bay indicated that over 30% remained within this small site for at least 30 d after tagging (Jensen et al. 1994 ) and some individuals have been recorded there repeatedly for more than 4 yr. The electromagnetic telemetry system used in the present study therefore probably provided information on a spatial scale appropriate to much of the activity of adult H. gammarus.
Longer range movements do occur, however, so it should be borne in mind that the activity Patterns descnbed in the present study may not be representative of rnore wide-ranging individuals. Although the telemetry system could not track movements away from the artificial reef, some infor- September n=8 October n=7
November n=5
Decernber n=4
Time of day (h GMT) mation is available about the incidence of these excursions. The occurrence of more extensive movements in Poole Bay was first evident when adult lobsters were found on the artificial reef within 3 wk of its construction, despite being sited approximately 3 km from known natural lobster habitat (Jensen et al. 1994 ).
In addition, mark-recapture studies carried out in 1990-92 revealed movement away from the artificial reef: 13% of lobsters tagged on the reef were recaptured elsewhere in Poole Bay at an average distance of 6.5 km (Jensen et al. 1994) . In the present study, 4 4 % of tagged lobsters may have left the study site during the monitoring penod, based on the number of tags whose electromagnetic signal disappeared, adjusted by an estimate of the tag failure rate. Lobsters that had not been previously tagged at the artificial reef seemed to be more than 3 times as likely to leave the site as those previously tagged there, and which were therefore known to have had a prior association with the site. It appears, therefore, that some lobsters are resident in the artificial reef for prolonged periods, while others are more transient. Since the original times of arrival at the reef are unknown, it is not possible to estimate the distribution of residence times. A mixture of resident and transient lobsters has been noted in Homarus americanus (Cooper & Uzmann 1980 , Ennis 1984b ) and various species of spiny lobster (Herrnkind 1980 . MacDiarmid et al. 1991 . Dybern et al. (1967) noted that some
Homarus gammarus in western Sweden occupied the Same shelter for weeks, while others often changed shelters. Individuals may change from resident to transient modes at different Stages in their life and moult cycles (Ennis 1984b , Atema 1986 ). Herrnkind (1980) suggested that central place foraging with homing to a particular shelter constituted the typical lifestyle of the Caribbean spiny lobster Panulirus argus, but that nomadism tended to occur where resources such as food, shelter and mates were of low quality or quantity in relation to lobster population density. On this basis, the occurrence of residents and transients in the Same area may indicate that transients are competitively inferior, or that their resource requirements or habitat preferences differ from residents. In Homarus spp., as in other benthic crustaceans, changing shelter size requirements during growth may necessitate a search for areas of appropriate substratum type (Howard 1980 , Wahle 1992 . More information about the nature of longer range excursions away from rocky habitat would probably best be acquired by continuous acoustic tracking with a hydrophone array (e.g. Duggan et al. 1991) . Movernents between units of the artificial reef showed marked seasonal variation, with greatest activity in summer and little movement from late December to early May. Activity represented by body movements detected with the tilt switch followed a similar Pattern, with maximum values in August and September and minimum values in January and February. Of the measured environmental variables, inter-reef unit movements and activity were most closely related to water temperature, confirming initial indications from a few individuals (Smith et al. 1998) . Studies using other methods have indicated that locomotor activity and feeding by lobsters are strongly influenced by seasonal changes in water temperature (Cooper & Uzmann 1977 , Branford 1979 , Ennis 1984a . Karnofsky et al. (198913) estimated activity of Homarus americanus in a shallow cove in Massachusetts (USA) from the percentage of occasions individuals were Seen outside shelter by divers. Maximum activity was recorded in mid-summer and it appeared that lobsters overwintering in the cove became inactive and remained in the sarne locations for months, although few diving observations were possible in winter owing to storms and ice. Ennis (1984b) In addition to the effect of temperature, activity indicated by the tilt switch was negatively related to midday illumination in the present study, indicatiny greater activity in turbid or du11 conditions. There was also an indication that body movements were positively related to wave height, possibly reflecting passive movement by wave-induced water movement at the seabed. It was anticipated that movement between reef units by lobsters would be reduced during periods of increased wave action, since large waves create oscillatory water movement at the seabed and flume experiments have demonstrated that lobster mobility can be impaired by moving water (Howard & Nunny 1983) . A number of species of lobster move to deeper water in winter, which in some cases may be an avoidance of damaging storm wave action in the shallows (Hallbäck & Waren 1972 , Cooper & Uzmann 1980 , Herrnkind 1980 , Ennis 1984a . Inter-reef unit rnovements in the present study were not significantly related to wave height, perhaps because the maximum bottom orbital velocities experienced were insufficient, or occurred too bnefly, to inhibit lobster movement noticeably, or because the greatest wave action occurred in winter, when lobster activity was already reduced by low water ternperatures. An influence of water movement was suggested, however, by a weak negative relationship between inter-reef unit movements and tidal range, indicating that movement was somewhat reduced dunng penods of maximum tidal current speeds.
Movements between reef units, which constituted excursions outside shelter (Smith et al. 1998) , were predominantly nocturnal, with a peak in movements generally occurring shortly after sunset, andin some months there was a secondary increase in movements before dawn. Locomotor activity was predominantly nocturnal over most of the 7 mo period in which it was possible to assess diel patterns in inter-reef unit movements (May to November). Since measurements of activity with the tilt switch did not rely on lobsters moving between aenals, it was possible to assess diel variation in this measure throughout the year (with the exception of April). In sprir,g, summer and aiitiimn, similar diel patterns in activity were Seen as with inter-reef unit movements, but with less abrupt changes around sunset and sunnse in some months. In winter, the diel pattern disappeared as activity diminished throuqhout the 24 h period, apparently in response to low water temperatures. A nocturnal activity pattern became evident again in March, at a time of year when water temperature and seabed illumination were increasing, but when inter-reef unit movements were still uncommon. Seasonal vanation in the degree of nocturnality in Homarus gamrnarus was also recorded in an aquarium study (Branford 1979) , but in contrast to the present study, the percentage of movements in daylight was least around the vernal equinox and greatest in early to mid-summer.
Findings from the present study and others indicate that the die1 timing of lobster movements is largely governed exogenously by changes in light level. The timing of the peak in locomotor activity and the portion of the 24 h period in which lobsters were mobile varied in accordance with seasonal changes in the times of sunset and sunrise. In autumn and early winter, when illumination at the sea bed was reduced by increased turbidity, diurnal movements were more common than in summer. Diurnal movements by lobsters at low light levels have also been observed by diving ( occurs within a particular range of low light intensity, the diel timing of which varies with depth (Chapman 1980) . However, there seem to be some contexts in which clawed and spiny lobsters are mobile despite high prevailing light levels, such as during long range migration (Kanciruk & Herrnkind 1978) , reproductive activity (Lipcius et al. 1983 , MacDiarmid et al. 1991 and shelter competition (Lawton 1987) .
The apparent response to ambient light levels or changes in level does not exclude the possibility of endogenous circadian rhythms in readiness to undertake excursions, or in other aspects of behaviour. For example, an endogenous circadian rhythm has been identified in the larval release behaviour of ovigerous female Hornarus gammarus (Branford 1978) and Nephrops norvegicus displays activity rhythms under constant conditions in the laboratory which may be related to burrow excavation and maintenance in nature (Chapman 1980) . In some months during the present study, activity indicated by the tilt switch began to increase from the afternoon minimum well before sunset and the onset of movements between reef-units. Increased activity prior to nocturnal excursions from shelter has been noted in other species of lobster (Cooper & Uzmann 1980; Herrnkind 1980 ) and may reflect endogenously controiled vanation in responsiveness to environmental cues, such as d reduction in light intensity.
The present study illustrates the potential of electromagnetic telemetry for making long-term measurements of lobster activity in siiu and has identified najor seasonal and diel changes in activity. Since locomotor activity is one of the major behavioural components of catchability in baited traps (Miller 1990) , these findings suggest that there are significant systematic changes in the relationship between fishing effort and fishing mortality, which should be incorporated into census methods using traps. Simulation models of the capture process for Hornarus gammarus have largely concentrated so far on 'gear saturation' resulting from behavioural interactions between animals in and around traps (Addison & Bannister 1998) . More realistic models that can be used to predict the effects of changes in fishing effort on stock abundance and yield per recruit require an estimate of the proportion of the stock encountenng baited traps during fishing sessions under different conditions (Addison & Bell 1997) . The small, experimental artificial reef used in the present study did not support a sufficiently large population of lobsters to obtain this type of information, but it would be possible to conduct an electromagnetic telemetry study on a larger scale in naturaI habitat, permitting a greater number of lobsters to be monitored simultaneously over a larger area. Larger sample sizes would also allow more powerful statistical analysis of subsidiary environmental effects on activity and of lobster attributes thought to influence catchability, such as size, Sex and moult state (Miller 1990) .
